Half-titanocenes for precise olefin polymerisation: effects of ligand substituents and some mechanistic aspects by Nomura K & Liu JY
This article is published as part of the Dalton Transactions themed issue entitled: 
 
d
0
 organometallics in catalysis 
 
Guest Editors John Arnold (UC Berkeley) and Peter Scott (University of Warwick) 
 
Published in issue 30, 2011 of Dalton Transactions 
 
 
 
Image reproduced with permission of Guo-Xin Jin 
 
Articles in the issue include: 
 
PERSPECTIVES: 
 
Half-titanocenes for precise olefin polymerisation: effects of ligand substituents and some 
mechanistic aspects 
Kotohiro Nomura and Jingyu Liu 
Dalton Trans., 2011, DOI: 10.1039/C1DT10086F 
 
 
ARTICLES: 
 
Stoichiometric reactivity of dialkylamine boranes with alkaline earth silylamides 
Michael S. Hill, Marina Hodgson, David J. Liptrot and Mary F. Mahon 
Dalton Trans., 2011, DOI: 10.1039/C1DT10171D 
 
Synthesis and reactivity of cationic niobium and tantalum methyl complexes supported by imido 
and β-diketiminato ligands  
Neil C. Tomson, John Arnold and Robert G. Bergman 
Dalton Trans., 2011, DOI: 10.1039/ C1DT10202H 
 
 
 
Visit the Dalton Transactions website for more cutting-edge inorganic and organometallic research 
www.rsc.org/dalton 
D
ow
nl
oa
de
d 
by
 C
ha
ng
ch
un
 In
sti
tu
te
 o
f A
pp
lie
d 
Ch
em
ist
ry
, C
A
S 
on
 2
6 
M
ar
ch
 2
01
2
Pu
bl
ish
ed
 o
n 
15
 M
ar
ch
 2
01
1 
on
 h
ttp
://
pu
bs
.rs
c.o
rg
 | d
oi:
10.
103
9/C
1D
T1
008
6F
View Online / Journal Homepage / Table of Contents for this issue
Selected examples concerning eff ects of both cyclopenta-
dienyl fragment (Cp’)  and anionic donor ligand (Y) in non-
bridged modifi ed half-titanocenes of the type, Cp’TiX2(Y) 
(X = halogen, alkyl), which display unique characteristics as 
new olefi n polymerisation catalysts, have been reviewed; 
a precise fi ne tuning of the ligand substituents plays an 
important role for the successful (co)polymerisation.
Title: Half-titanocenes for precise olefi n polymerisation: eff ects of 
ligand substituents and some mechanistic aspects (Perspective)
Showcasing research from the Organic Chemistry Laboratory (Prof. 
Dr. Kotohiro Nomura) at the Chemistry Department, Tokyo Metropolitan 
University (TMU), in collaboration with former/present group members 
(in TMU and Nara Institute of Science and Technology), partly funded 
by the Japan Society for the Promotion of Science (JSPS). The image 
describes four major catalytically-active species, and the background is 
the picture in the Nara Park, Japan (National Park).
As featured in:
See Nomura et al., Dalton Trans., 
2011, 40, 7666.
www.rsc.org/dalton
Registered Charity Number 207890
1477-9226(2011)40:30;1-V
ISSN 1477-9226
Dalton
Transactions
An international journal of inorganic chemistry
Celebrating 
40 years
Volum
e 40 | N
um
ber 30 | 2011 
D
alton Transactions     
 
Pages 7653–7792
 
 Them
ed issue: d
0 organom
etallics in catalysis
www.rsc.org/dalton Volume 40 | Number 30 | 14 August 2011 | Pages 7653–7792
COVER ARTICLE
Jin et al.
Syntheses, reactions, and ethylene 
polymerization of titanium complexes 
with [N,N,S] ligands
Themed issue: d0 organometallics in catalysis
dt040030_cover_PRINT_LITHO.indd   1-3 7/11/11   5:23:35 PM
D
ow
nl
oa
de
d 
by
 C
ha
ng
ch
un
 In
sti
tu
te
 o
f A
pp
lie
d 
Ch
em
ist
ry
, C
A
S 
on
 2
6 
M
ar
ch
 2
01
2
Pu
bl
ish
ed
 o
n 
15
 M
ar
ch
 2
01
1 
on
 h
ttp
://
pu
bs
.rs
c.o
rg
 | d
oi:
10.
103
9/C
1D
T1
008
6F
View Online
Dalton
Transactions
Dynamic Article Links
Cite this: Dalton Trans., 2011, 40, 7666
www.rsc.org/dalton PERSPECTIVE
Half-titanocenes for precise oleﬁn polymerisation: effects of ligand
substituents and some mechanistic aspects
Kotohiro Nomura*a and Jingyu Liub
Received 17th January 2011, Accepted 7th February 2011
DOI: 10.1039/c1dt10086f
Selected examples concerning effects of both cyclopentadienyl fragment (Cp¢) and anionic donor ligand
(Y) in nonbridged modiﬁed half-titanocenes of the type, Cp¢TiX2(Y) (X = halogen, alkyl), as new type
of oleﬁn polymerisation catalysts have been reviewed. These complexes displayed unique characteristics
not only for ethylene (co)polymerisation but also for syndiospeciﬁc styrene polymerisation,
ethylene/styrene copolymerisation; precise ﬁne tuning of the ligand substituents plays an important
role for the successful (co)polymerisation; a different mechanistic consideration for the syndiospeciﬁc
styrene polymerisation, which can explain the copolymerisation behaviour in this catalysis, has also
been introduced.
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Introduction
Polyoleﬁns such as polyethylene [high density polyethylene
(HDPE), linear low density polyethylene (LLDPE) etc.],
polypropylene, produced by metal catalysed oleﬁn coordination
polymerisation, are important commercial synthetic polymers
7666 | Dalton Trans., 2011, 40, 7666–7682 This journal is © The Royal Society of Chemistry 2011
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in our daily life, and the market capacity still increases every
year (especially in China, India, countries in the middle east).1
Recently, considerable attention has been paid to produce new
polymers with speciﬁed functions exempliﬁed by COCs (cyclic
oleﬁn copolymer, optical materials),2 syndiotactic polystyrene
(thermal, chemical resistance)3 and others. Since new polymers
would be mostly prepared by incorporation of new comonomers
(sterically encumbered, called traditionally unreactive monomers
in transition metal catalysed coordination polymerisation) in the
copolymerisation, it has thus been considered that design of the
efﬁcient transition metal complex catalysts that precisely control
oleﬁn coordination polymerisation should be the key for the
success; recent progress in the new catalysts offers promising
possibilities.2–15 Therefore, research focused on the design of
efﬁcient molecular catalysts for precise oleﬁn polymerisation
attracts considerable attention not only in the ﬁeld of cataly-
sis, organometallic chemistry, but also in the ﬁeld of polymer
chemistry.2–15
As described above, the catalysts exhibiting remarkable ac-
tivities with better comonomer incorporations are desired for
the successful design of an efﬁcient transition metal catalyst for
ethylene (co)polymerisations. It has been reported that bridged
(ansa) metallocene-type complexes show better comonomer
incorporation than the nonbridged (unbridged) analogues in
ethylene/a-oleﬁn copolymerisation,5,16 although both steric and
electronic factors were affected toward the catalytic activity
and molecular weight for resultant polymers in ethylene poly-
merisation by substituted zirconocenes.17 The fact has been
explained as that the bridged metallocenes possess a rather
large coordination space compared to the nonbridged ana-
logues, allowing better accessibility for (rather) bulky a-oleﬁns
(Scheme 1).5 Linked half-titanocenes containing amide ligands,
such as [Me2Si(C5Me4)(NtBu)]TiCl2 (1), so called “constrained
geometry catalysts (CGC)”, have also been known to exhibit
Scheme 1 Basic proposed concept for the catalyst design and selected
examples for half-titanocenes as effective catalyst precursors for oleﬁn
polymerisation.5–7
efﬁcient comonomer incorporation (Scheme 1),18 and the efﬁ-
ciency in a-oleﬁn in ethylene/a-oleﬁn copolymerisation, that can
be evaluated by using rE values under the similar conditions,
increases in the order: Cp2ZrCl2 < rac-Me2Si[benz(e)Ind]2ZrCl2 <
[Me2Si(C5Me4)(NtBu)]Ti–Cl2.16 This CGC complex was designed
according to the analogous scandium complex reported by Bercaw
et al.19 and the reason for better comonomer incorporation has
been explained as that the bridge constrains amore openCp–Ti–N
bond angle offering better comonomer incorporation by allowing
improved accessibility for (rather) bulky a-oleﬁns.5,6 Although
recent results suggested that the coordination sphere is not the
exclusive factor for the better comonomer incorporation,20 many
researchers focused on designing the catalysts with “constrained
geometry type” for the above reason.6,18a
Nonbridged half-titanocenes of the type, Cp¢TiX2(Y) (Cp¢ = cy-
clopentadienyl group; Y = anionic donor ligand such as aryloxo,21
ketimide,22–25 phosphinimide,26 iminoimidazolidide27 etc.; X =
halogen, alkyl), as shown in Scheme 1, have been considered
as promising candidates for new efﬁcient catalysts,2f ,7,15,21–27 be-
cause, as described below, these complex catalysts display unique
characteristics especially for the synthesis of new polymers7b,c,28–32
that cannot be prepared (or are very difﬁcult to prepare) by
ordinary catalysts such as Ziegler–Natta, metallocenes,5 ‘con-
strained geometry’ type catalysts (CGC),6 as exempliﬁed in
our previous feature article.7c We ﬁrst reported in May 199821a
that half-titanocenes containing an aryloxo ligand of the type,
Cp¢TiCl2(OAr) (Cp¢ = cyclopentadienyl group; OAr = aryloxo
group, O-2,6-iPr2C6H3 etc.), exhibited not only notable catalytic
activities for oleﬁn polymerisation, but also for efﬁcient 1-butene
incorporation in the ethylene/1-butene copolymerisation.21b,33–35
In the same year and later, there were several reports concerning
synthesis of Cp¢TiX2(Y) and their use as catalysts for ethylene
polymerisation.36–38 After these reports, as described below, many
examples were reported describing syntheses of complexes of this
type and their use as oleﬁn polymerisation catalysts,7b,c especially
for ethylene polymerisation. In this article, we wish to review
the selected reported complex catalysts and present some unique
characteristics that can be seen in this catalysis.
1. Nonbridged half-titanocenes as oleﬁn
polymerisation catalysts
Selected examples of half-titanocenes containing anionic donor
ligands, Cp¢TiX2(Y), are shown in Scheme 2.7,21–27,36–40 Many
examples were reported for synthesis of complexes of this type and
their use as oleﬁn polymerisation catalysts, especially for ethylene
polymerization: some examples were known to exhibit remarkable
activities, as described below.
1.1 Oleﬁn polymerisation by half-titanocenes containing aryloxy
ligands
It has been known that the ligand modiﬁcation is very important
in order for metal catalysed oleﬁn polymerisation to proceed
with remarkable activities. For example, as shown in Tables
1,2, both substituents on cyclopentadienyl and aryloxo ligands
affected the activity for ethylene polymerisation.21a,b Cp*TiCl2(O-
2,6-iPr2C6H3) (2a) exhibited notable activities, and the activity by
This journal is © The Royal Society of Chemistry 2011 Dalton Trans., 2011, 40, 7666–7682 | 7667
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Scheme 2 Selected half-titanocenes exempliﬁed in this article as effective
catalyst precursors.
Cp¢TiCl2(O-2,6-iPr2C6H3) increased in the order: Cp¢ = Cp* 
1,3-tBu2C5H3 > 1,3-Me2C5H3, tBuC5H4  Cp (Table 1).
This seems to be a similar observation for syndiospeciﬁc styrene
polymerisation using a series of Cp¢Ti(OMe)3 complexes,15a,41 and
Table 1 Effect of cyclopentadienyl fragement (Cp¢) toward the activity
in oleﬁn polymerisation by Cp¢TiCl2(O-2,6-iPr2C6H3)–MAO catalyst
systemsa
Cp¢ (mmol) Oleﬁn Activityb TONc 10-4Mwd Mw/Mnd
Cp (18.3) Ethylene 77 2750
Cp (5.0) 1-Hexene 62 370 0.68
tBuC5H4 (15.1) Ethylene 258 9200 5.99 2.1
tBuC5H4 (5.0) 1-Hexene 90 532 8.04 1.6
tBuC5H4 (5.0) 1-Octene 125 558 8.25 1.9
1,3-Me2C5H2 (24.2) Ethylene 215 7660 1.75 2.5
1,3-Me2C5H2 (5.0) 1-Hexene 184 1090 8.73 1.9
1,3-tBu2C5H2 (5.0) Ethylene 653 23300 64.9 6.8
1,3-tBu2C5H2 (5.0) 1-Hexene 26 152 2.16 1.6
1,3-tBu2C5H2 (5.0) 1-octene 38 168 1.75 1.5
Cp* (6.5) Ethylene 2220 79100 45.9 5.0
Cp* (1.0) 1-Hexene 728 4330 69.4 1.6
Cp* (1.0) 1-Octene 970 4320 49.5 1.8
Cp* (1.0) 1-Decene 1036 3690 41.7 1.7
a Cited from refs. 21a,b,e. Conditions: ethylene 4 atm, 60 ◦C, 1 h, toluene
300 mL, [Ph3C][B(C6F5)4]/AliBu3/Ti = 1/500/1 (molar ratio);21a,b a-oleﬁn
5 mL, catalyst 2 mmol mL-1 toluene, MAO white solid, 25 ◦C, 30 min.21e
b Activity in kg-polymer/mol-Ti·h. c TON (turnover numbers) = molar
amount of oleﬁn reacted/mol-Ti. d By GPC vs. polystyrene standards.
Table 2 Effect of aryloxo substituents toward the activity in ethy-
lene polymerisation by Cp*TiCl2(O-2-R1-4-R2-6-R3-C6H2)–MAO catalyst
systemsa
R1, R2, R3 (mmol) Activityb TONc 10-4Mwd Mw/Mnd
iPr, H, iPr (4.2) 1240 43100 64.9 4.7
H, Me, H (13.0) 25 890
Me, H, Me (4.0) 1000 35700 123 4.5
tBu, Me, Me (13.0) 446 15900
Me, Me, Me (8.4) 369 13200
a Cited fromref. 21b.Conditions: ethylene 4 atm, 60 ◦C, 1h, toluene 300mL,
MAO (Al/Ti = 1000, molar ratio). b Activity in kg-polymer/mol-Ti·h.
c TON (turnover numbers) = molar amount of reacted oleﬁn/mol-Ti. d By
GPC vs. polystyrene standards.
the similar explanation that stabilization of the active site by more
electron-donating substituents is important for the high activity
can be thus assumed. The tBu2Cp analogue showed lower catalytic
activity in 1-hexene and 1-octene polymerisation due to the steric
bulk on Cp¢.21c,e It should also be noteworthy that the observed
activities were of a similar level between 1-hexene and 1-octene
polymerisations.21c,e
Steric bulk of the phenoxy ligand containing substituents in the
2,6-position should be important for exhibiting the high activity
(Table 2).21a,b We assumed that the steric bulk plays a role to
stabilise the catalytically-active species under the polymerisation
conditions in the presence of co-catalyst (in addition to protect
the probable accompanied reaction with Al alkyls, dissociation of
the aryloxide).
More recently, we explored effect of the centered metal toward
the catalytic activity as well as comonomer incorporation in
ethylene (co)polymerisation using a series of Cp*MCl2(O-2,6-
R2C6H3) (M = Ti, Zr, Hf; R = Ph, tBu, iPr) in the presence of
MAO co-catalyst.42 The activity in ethylene polymerisation was
affected by the metal center employed [Ti > Zr > Hf];42,43 the Ti-
2,6-diphenylphenoxy analogue showed higher activities than the
Ti-2,6-di-tert-butylphenoxy analogue. Although the copolymeri-
sations of ethylene with 1-octene using the titanium complexes
afforded the copolymers with uniform molecular weight distri-
butions (except the tert-butyl analogue); the isopropyl analogue
(2a) seems to be the most suited in terms of both the activity and
the 1-octene incorporation. The attempted copolymerisation of
ethylene with 2-methyl-1-pentene using both the phenyl and the
tert-butyl analogues afforded linear polyethylene.42
In order to explore the reason why both the Cp* and 2,6-
diisopropylphenoxy ligand in 2a are prerequisite for the remark-
able activity in the ethylene polymerisation, we prepared various
Cp and aryloxide analogues and determined the structures by
X-ray crystallography.21a,b As shown in Table 3, the bond angle
(173.0◦) of Ti–O–C (phenoxy) for Cp*TiCl2(O-2,6-iPr2C6H3) (2a),
which was the most effective catalyst precursor, is signiﬁcantly
different from those for the other Cp derivatives, Cp¢TiCl2(O-
2,6-iPr2C6H3) (Cp¢ = Cp, 1,3-tBu2C5H3, 163.0–163.1◦), we thus
assumed that both Cp* and the diisopropyl group sterically force
the more open Ti–O–C bond angle, which leads to more O→Ti
p donation into Ti; this along with the more electron donating
Cp* (as compared with Cp, tBuC5H4, 1,3-Me2C5H3) stabilises the
active species, leading to the higher activity.21a,b
7668 | Dalton Trans., 2011, 40, 7666–7682 This journal is © The Royal Society of Chemistry 2011
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Table 3 Selected bond distances (A˚) and angles (◦) for Cp¢TiCl2(O-2,6-
iPr2C6H3)21a,b
Cp¢TiCl2(O-2,6-iPr2C6H3) Cp Cp* 1,3-tBu2C5H3
Ti(1)–Cl(1) 2.262 2.305 2.2553
Ti(1)–C(1) (Cp¢) 2.282 2.367 2.379
Ti(1)–C(3) (Cp¢) 2.325 2.368 2.41
Ti(1)–Cp¢ 1.99 2.03 2.04
Ti(1)–O(1) 1.76 1.772 1.773
O(1)–C(6) 1.368a 1.367 1.365
Cl(1)–Ti(1)–Cl(2) 104.23 103.45 103.46
Cl(1)–Ti(1)–O(1) 102.53 99.1 103.62
Cl(2)–Ti(1)–O(1) 102.53 104.1 98.57
Ti(1)–O(1)–C(6) 163.0a 173 163.1
Cp–Ti(1)–O(1) 117.6 120.5 119.3
Cp–Ti(1)–Cl(1) 114.1 111.1 114.3
Cp–Ti(1)–Cl(2) 114.1 116.1 115.2
a O(1)–C(4) or Ti(1)–O(1)–C(4).
Table 4 summarises selected results for bond distances
and angles in the various Cp*-aryloxide analogues.21a,b,3444–46 It
should be noted that the bond angles of Ti–O–C (phenyl)
the 2,6-diisopropylphenoxy analogues, (173.0, 174.6◦ for Ar =
2,6-iPr2C6H3, 2,6-iPr2-4-tBuC6H2, respectively)21a,b,44 were larger
than those in the other Cp* derivatives (155.5–162.3◦) except
Cp*TiCl2(O-2,6-Ph2-3,5-tBu2C6H) (176.9◦).34 Although we as-
sumed above that both Cp* and diisopropyl group ‘sterically’
force the more open Ti–O–C bond angle, the bond angle for
the di-tert-butyl analogue was small (155.5◦).44 A similar large
bond angle was observed in Cp*TiCl2(O-2,6-Ph2-3,5-tBu2C6H)
whereas the value in Cp*TiCl2(O-2,6-Ph2C6H3) was rather small
(160.6◦).
The results might suggest that the unique bond angle would be
dependent upon the ligand set employed, and it is thus suggested
that the unique bond angles in Ti–O–C (phenyl) were affected
by substituents in both cyclopentadienyl and aryloxo ligands.
The results suggest that the unique bond angles in Ti–O–C
(phenyl) affect the high activity by more O→Ti pdonation into
the titanium, leading to stabilise the catalytically-active species for
exhibiting the higher activity.
Since the unique bond angle in Ti–O–C(phenyl) seems to be
originated from the ligand set (Cp* and 2,6-diisopropylphenoxy),
we prepared, determined the structures Cp*Ti(X1)(X2)(O-2,6-iPr2-
4-R¢C6H2) (X1, X2 = Cl, Cl, Me, Me, Me, CF3SO3, R¢ = H or tBu)
by X-ray crystallography.47
Although no notable differences in the bond distances were
observed among these complexes, the bond angles in X1–Ti–X2
were inﬂuenced by the anionic ligands (X1, X2), probably due to
the increased steric bulk of Me, CF3SO3 ligands compared to Cl.
It is noteworthy that the bond angles in Ti–O–C(phenyl) were
somewhat large in all cases (166.2–174.6◦), clearly suggesting that
both Cp* and the 2,6-diisopropyl-substituted aryloxo ligand form
the unique bond angle, leading to more O→Ti p donation into the
titanium.
Geometry optimisations of the proposed catalytically active
species, [Cp¢Ti(pentyl)(OAr)(ethylene)]+ (Fig. 1), with a series of
cyclopentadienyl and aryloxo ligands were thus simply calculated
to explore the ligand effects in this catalysis on the basis
of [Cp*Ti(pentyl)(O-2,6-iPr2C6H3)(ethylene)]+, which should be
most suited from the experimental facts, and the results are
summarised in Table 5. As reported previously,41 introduction of
methyl group (or tert-butyl group) onto Cp¢ leads to stabilisation
of the catalytically-active species (C5Me5 > Me3C5H2 > Me2C5H2
> C5H5). Aryloxo substituent in the ortho position not only
affects the stabilisation, but also affects the R–Ti–ethylene bond
angle that should be important for the subsequent insertion.
It was revealed that the cationic species containing Cp* and
diisopropylphenoxy ligands showed both better stabilisation and
possessed geometry for the subsequent insertion (narrow bond
angle). Although the results are on the basis of simple PM3
semiempirical level, we believe this would be the origin why 2a
showed the high activity affording the polymer with unimodal
distributions in this catalysis.
Fig. 1 Assumed catalytically-active species, the optimised structure.48
The observed catalytic activity was extremely low if B(C6F5)3
was used as the co-catalyst for 1-hexene polymerisation in
the presence of Cp*TiMe2(O-2,6-iPr2C6H3)-AliBu3 catalyst sys-
tem, although signiﬁcant catalytic activity was observed if
Table 4 Selected bond distances (A˚) and angles (◦) for Cp*TiCl2(O-2,6-R2-4-R¢C6H2)21a,34,44–46
R, R¢ Me, Ha Me, Meb iPr, Hc iPr, tBub tBu, Hb Ph, Hd Ph, 3,5-tBu2e
Ti(1)–Cl(1) 2.273 2.262 2.305 2.268 2.2674 2.2693 2.258
Ti(1)–C(1) (Cp) 2.329 2.344 2.367 2.345 2.359 2.355 2.340
Ti(1)–C(3) (Cp) 2.398 2.374 2.368 2.399 2.370 2.377 2.420
Ti(1)–O(1) 1.785 1.781 1.772 1.779 1.804 1.811 1.804
Cl(1)–Ti–Cl(2) 103.3 103.2 103.45 103.68 98.10 98.70 100.44
Cl(1)–Ti–O(1) 101.7 102.0 99.1 102.73 103.22 104.33 103.68
Cl(2)–Ti–O(1) 101.7 101.6 104.1 101.83 103.22 105.20 104.34
Ti–O–C(6) (Ph) 162.3 162.1 173.0 174.6 155.5 160.6 176.90
a Cited from ref. 45. b Cited from ref. 44. c Cited from ref. 21a. d Cited from ref. 46. e Cited from ref. 34.
This journal is © The Royal Society of Chemistry 2011 Dalton Trans., 2011, 40, 7666–7682 | 7669
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Table 5 Effect of ligand by energy evaluations of the catalytically-active
species by semi-empirical PM3 geometry optimisationa ,48
Cp, OAr¢ DEa/kcal mol-1 R–Ti–ethylene/◦
Cp*, O-2,6-iPr2C6H3 0 85.3
Me3C5H2, O-2,6-iPr2C6H3 10.1 87.2
Me2C5H3, O-2,6-iPr2C6H3 15.7 86.9
MeC5H4, O-2,6-iPr2C6H3 18.4 87.0
Cp, O-2,6-iPr2C6H3 25.1 86.7
tBuC5H4, O-2,6-iPr2C6H3 7.7 88.8
Cp*, 4-MeC6H4 27.7 83.6
Cp*, 2,6-Me2C6H3 15.3 88.0
Cp*, 2,6-iPr2C6H3 0 85.3
Cp*, 2-tBu-4,6-Me2C6H3 -6 97.4
Cp*, 2,6-tBu2C6H3 -1.8 76.7
a Comparedwith [Cp*Ti(O-2,6-iPr2C6H3)(pentyl)(ethylene)]+, equilibrium
geometry at ground state with semi-empirical PM3, geometry optimisa-
tion, RHF/PM3D Spartan ‘08 for Windows (Wavefunction Inc.).
[Ph3C][B(C6F5)4] was used in place of B(C6F5)3.49 The polymeri-
sation took place in a quasi-living manner with remarkably high
catalyst efﬁciency even at -30 ◦C, when both [Ph3C][B(C6F5)4] and
AliBu3 were used as co-catalysts under the optimised conditions.
The resultant poly(1-hexene) possessed high molecular weight
with narrow molecular weight distribution (Mn = 1.87 ¥ 106,
Mw/Mn = 1.27).49 The reaction with B(C6F5)3 in toluene-d8
afforded decomposed compound, Cp*Ti(C6F5)[CH2B(C6F5)2](O-
2,6-iPr2C6H3), (and/or intermediates) even at -70 ◦C, whereas no
decomposition was observed if the reaction of 1b was employed
with [Ph3C][B(C6F5)4].47 The species generated from the reaction
consumed 1-hexene exclusively even at -30 ◦C, suggesting that
the generated cationic Ti(IV) species play a role in this catalysis.
These results well explained the effect of borate co-catalysts in the
1-hexene polymerisation.
Rothwell et al. also prepared a CpTiMe2(OAr) complex con-
taining an ortho-naphthylphenoxide ligand,34 and addition of
B(C6F5)3 in benzene gave thermally unstable cationic complex,
CpTiMe[(m-Me)B(C6F5)3](OAr) (2), which then gradually de-
composed at ambient temperature to afford the neutral species,
CpTi(C6F5)[CH2B(C6F5)2](OAr), followed by methane elimina-
tion (Scheme 3).34
Scheme 3 Deactivation pathway by reacting with B(C6F5)3.34
1.2. Selected examples in oleﬁn polymerisation by half-titanocenes
containing other anionic ancillary donor ligands
Stephan et al. focused on using a sterically bulky phosphin-
imide ligand as the steric equivalent to cyclopentadienyl group,26
Table 6 Ethylene polymerisation by Cp¢TiX2(N PR3) [4, Cp¢ = Cp,
tBuC5H4 (tBuCp); X = Cl, Me; R = Cy, iPr, tBu]–co-catalyst systemsa
Complex Co-cat. Activityb 10-4Mwc Mw/Mnc
CpTiCl2(N PCy3) MAO 42 0.36d 1.8
33.6 2.2
CpTiCl2(N PiPr3) MAO 49 1.87d 2.8
57.9 2.4
CpTiCl2(N PtBu3) MAO 500 8.99 2.4
CpTiMe2(N PCy3) Ph3CB(C6F5)4 231 13.5 2.8
CpTiMe2(N PiPr3) Ph3CB(C6F5)4 225 16.4 3.4
CpTiMe2(N PtBu3) Ph3CB(C6F5)4 401 16.6 3.4
tBuCpTiCl2(N PCy3) MAO 46 0.74d 2.1
89.4 3.4
tBuCpTiCl2(N PiPr3) MAO 16 0.76d 1.9
91 2.5
tBuCpTiCl2(N PtBu3) MAO 881 6.54 2.4
tBuCpTiMe2(N PCy3) Ph3CB(C6F5)4 1807 31 7.5
tBuCpTiMe2(N PiPr3) Ph3CB(C6F5)4 1193 25.9 9.9
tBuCpTiMe2(N PtBu3) Ph3CB(C6F5)4 1296 32.1 12.3
[Me2Si(C5Me4)(NtBu)]TiCl2 MAO 630
a Cited from ref. 26a. Conditions: catalyst 0.01–0.03 mmol, toluene,
ethylene 1 atm, 25 ◦C, 0.5–3 min, MAO (Al/Ti = 500, molar ratio) or
Ph3CB(C6F5)4 (B/Ti = 2). b Activity in kg-polymer/mol-Ti·h. c GPC data
vs. polyethylene standards. d Bimodal molecular weight distributions.
because the bulky ligand would provide an environment ster-
ically/electronically similar to the cyclopentadienyl fragment.50
A series of half-titanocenes containing phosphinimide ligand of
type, Cp¢Ti(N PR3)X2 (4, Scheme 2), were employed to explore
the effect of the substituents on both Cp¢ and N PR3 groups
for the activity in ethylene polymerisation (Table 6).26 These
complexes exhibited remarkable catalytic activities in the presence
of MAO, and the activity improved with the combination of
[Ph3C][B(C6F5)4]. Substituents on both Cp¢ and N PR3 ligands
play an essential role for exhibiting the high activity, and use of
N PCy3 ligand was effective. The tBuC5H4 analogues were more
suited than the Cp analogues, suggesting that electron-donating
substituents on Cp¢ increase the activity. Analogous zirconium
complexes were also prepared, but these complexes showed low
activities for ethylene polymerisation in the presence of MAO;51a
the activities by the Zr analogues improved upon the presence of
[Ph3C][B(C6F5)4] co-catalyst.51b
DFT calculations of the mechanism of polymerisation by a
series of catalyst models derived from CpTiMe2(N PR3) (R =
Me, NH2, H, Cl, F) demonstrated the critical role of ion pairing in
determining the overall barrier to polymerisation, and suggested
that the ligands containing electron-donating substituents would
reduce the barrier.52 The tris-amido-phosphinimide analogues,
Cp¢TiX2[N P(NR2)3] (5, X = Cl, Me), showed notable catalytic
activities in the presence of borate-based activators (Table 7),52 and
the activity increased upon increasing the steric bulk.Optimisation
of steric bulk and electronic characteristics to facilitate ion-pair
separation and prolonged catalyst lifetime were thus achieved,
affording a readily accessible and easily varied family of highly
active catalysts.
In contrast, as shown in Table 8, no signiﬁcant differences
in the activities were observed in ethylene polymerisation using
Cp¢TiCl2(N CtBu2) [Cp¢ = Cp, ButC5H4, Cp*].24 However, the
activities in 1-hexene polymerisations were highly dependent upon
the Cp¢ employed (Table 9).24 The polymerisation by the Cp
7670 | Dalton Trans., 2011, 40, 7666–7682 This journal is © The Royal Society of Chemistry 2011
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Table 7 Ethylene polymerisation by Cp¢TiX2[NP(NR1R2)3] (5)–co-catalyst systemsa
Precatalyst (mmol L-1) Co-cat. t/min Activityb 10-4Mnc Mw/Mnc
Cp*TiCl2[N P(NMe2)3] (100) MAO 30 21 82.6 1.72
Cp*TiCl2[N P(NEt2)3] (100) MAO 30 39 9.01 1.65
Cp*TiCl2[N P{N(Me)iPr}3] (50) MAO 30 56 12.78 2.76
Cp*TiCl2[N P{N(Et)Ph}3] (50) MAO 30 200 12.61 4.02
CpTiMe2[N P(NMe2)3] (4) Al/Bd 10 2200 31.5 2.05
CpTiMe2[N P(NEt2)3] (4) Al/Bd 10 3500 39.4 1.91
CpTiMe2[N P(NPr2)3] (4) Al/Bd 10 5500
CpTiMe2[N P(NBu2)3] (4) Al/Bd 10 3600
CpTiMe2[N P{N(Me)iPr}3] (4) Al/Bd 10 3600 38.86 1.85
CpTiMe2[N P{N(Et)Ph}3] (4) Al/Bd 10 4200 43.25 1.92
Cp*TiMe2[N P(NMe2)3] (4) Al/Bd 10 4200 14.08 4.92
Cp*TiMe2[N P(NEt2)3] (4) Al/Bd 10 4700
Cp*TiMe2[N P(NPr2)3] (4) Al/Bd 10 10000
Cp*TiMe2[N P(NBu2)3] (4) Al/Bd 10 6100
Cp*TiMe2[N P{N(Me)iPr}3] (4) Al/Bd 10 4900 28.81 2.14
Cp*TiMe2[N P{N(Et)Ph}3] (4) Al/Bd 10 4200 32.46 2.03
Cp*TiMe2[N PiPr3] (4) Al/Bd 10 5200 49.34 2.05
CpTiMe2[N PtBu3] (4) Al/Bd 10 5600 43.78 1.8
Cp2ZrMe2 (4) Al/Bd 10 16000 17.5 1.89
a Cited from ref. 52.Conditions: ethylene 2 atmat 30 ◦C, toluene 600mL, stir rate= 1000 rpm, 500 equiv. ofMAOorAl/B. b Activity in kg-PE/mol-Ti·h·atm.
c GPC data in o-dichlorobenzene. d Al/B = AliBu3/B(C6F5)3, 2 equiv. of B(C6F5)3; 20 equiv of AliBu3.
Table 8 Ligand effect in ethylene polymerisation byCp¢TiCl2(N CtBu2)
(Cp¢ = Cp, tBuC5H4, Cp*, indenyl)–MAO catalyst systemsa
Cp¢ Ethylene/atm Activityb 10-5Mwc Mw/Mnc
Cp 4 13400 9.66 1.9
Cp 6 22100 9.84 1.9
tBuC5H4 4 14300 9.9 2.1
Cp* 4 16600 10.4 2.2
indenyl 4 7700 5.61 2.1
a Cited from ref. 24. Conditions: complex 0.2 mmol, toluene 40 mL, MAO
white solid 3.0 mmol (Al), 40 ◦C, 10 min. b Activity in kg-PE/mol-Ti·h.
c GPC data in o-dichlorobenzene vs. polystyrene standards.
Table 9 1-Hexene polymerisation by Cp¢TiCl2(N CtBu2) (Cp¢ = Cp,
tBuC5H4, Cp*, indenyl)–MAO catalyst systemsa
Cp¢ (mmol) Activityb 10-3TON 10-4Mnc Mw/Mnc
Cp (0.25) 16800 66.8 61.7 1.6
tBuC5H4 (2.5) 1310 5.21 28.5 1.7
Cp* (2.5) 569 2.26 13.0 1.6
Indenyl (0.25) 11900 47.2 28.1 1.7
a Cited from ref. 24. Conditions: complex in toluene 0.5 mL, 1-hexene
10 mL, 25 ◦C, 20 min, MAO white solid 2.0 mmol. b Activity in kg-
polymer/mol-Ti·h. c GPC data in THF vs. polystyrene standards.
analogue, CpTiCl2(N CtBu2), took place efﬁciently, and a ﬁrst-
order relationship between the monomer concentration and the
reaction rate was observed in the time-course plots vs. ln[M]/[M]0,
strongly suggesting that the apparent decrease is due to the
decrease in the 1-hexene concentration not due to the deactivation
of catalytically-active species.
The activities by Cp¢TiCl2[N C(R1)R2] were strongly affected
by the substituents in the ketimide ligands (Table 10 and 11).23,30d
CpTiCl2(N CtBu2) (3) exhibited higher catalytic activity (Table
10) than CpTiCl2[N C(Me)Ph]. The activities in ethylene poly-
merisation with a series of CpTiCl2[N C(R1)R2]–MAO catalyst
Table 10 Ethylene polymerisation with Cp¢TiX2(N CR2) [Cp¢ = Cp,
C5Me5, indenyl, C4Me4P; R = tBu, NMe2 etc.]–MAO catalyst systems.
Slurry polymerisation resultsa
Complex Polymer yield/g
Activity kg-PE/-
mol-Ti(or Zr)·h
CpTiCl2(N CtBu2) 5.08 668
CpTiMe2[N CPh(Me)] 0.84 111
(C5Me5)TiCl2(N CtBu2) 6.26 824
(Ind)TiCl2(N CtBu2) 13.02 1713
(C5Me4P)TiCl2(N CtBu2) 2.63 346
Ph2C(Flu)(Cp)ZrCl2 5.64 742
Cp2ZrCl2 20.18 2655
a Cited from ref. 23. Conditions: catalyst 15.2 mmol, cyclohexane 300 mL,
MAO (PMAO-IP), Al/M = 500, ethylene 10 psig (0.68 atm), 35 ◦C, 30min.
systems under the optimised Al/Ti ratios increased in the order:
R1, R2 = tBu, tBu (5880 kg-PE/mol-Ti·h)  tBu, Ph (90.0) >
Ph, Ph (56.4) (Table 11).30d The same trend in the activity was
observed by the Cp* analogues. The results would suggest that
an electronic nature of the ketimide ligand affects the activity, but
the resultant PEs prepared by the diphenyl or tert-butylphenyl
analogues possessed multi-modal molecular weight distributions,
consisting of amixture of high and lowmolecularweight polymers.
The same trend was also observed in the ethylene/norbornene
copolymerisation usingCpTiCl2[N C(R1)R2]–MAOcatalyst sys-
tems (except 3).30d The complexes containing two tBu groups in the
ketimide ligand, Cp¢TiCl2(N CtBu2), were thus effective for these
(co)polymerisations to give polymers with unimodal molecular
weight distributions, in other words, to proceed with uniform
catalytically-active species.
According to a recent patent by DSM,37 Cp*TiX2[N C(2,6-
R12C6H3)(NR22)] [6, Scheme 2, R1 = F, Cl; R2 = iPr, Cy etc.;
X = Cl, Me] exhibited remarkable catalytic activities for copoly-
merisation of ethylene with propylene (for synthesis of EPDM,
ethylene–propylene–diene copolymer), and the activity was also
This journal is © The Royal Society of Chemistry 2011 Dalton Trans., 2011, 40, 7666–7682 | 7671
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Table 11 Ethylene polymerisation by Cp¢TiCl2[N C(R1)R2] [Cp¢ = Cp, Cp*; R1, R2 = tBu, tBu, tBu, Ph or Ph, Ph] or Cp*TiCl2(O-2,6-iPr2C6H3)
(2)–MAO catalyst systemsa
Cp¢ R1, R2 Amount/mmol Activityb 10-4Mnc Mw/Mnc
Cp tBu, tBu (3) 0.1 5880 45.2 2.30
Cp tBu, Ph 5.0 90.0 Multi-modald
Cp Ph, Ph 5.0 56.4 Multi-modald
Cp* tBu, tBu 0.05 19680 42.2 2.45
Cp* Ph, Ph 5.0 126 Multi-modald
Cp* O-2,6-iPr2C6H3 (2) 0.2 8400 65.2 1.90
a Cited from ref. 30d. Conditions: toluene 50 mL, MAO white solid 3.0 mmol, ethylene 4 atm, 25 ◦C, 10 min. b Activity in kg-PE/mol-Ti·h. c GPC data in
o-dichlorobenzene vs. polystyrene standards. d Multi-modal molecular weight distributions.
Table 12 Ethylene homopolymerisation and ethylene/1-hexene copoly-
merisation catalysed by heterobimetallic dinitrogen complex (7)a
Catalyst
(mmol) Co-cat.b Activityc 10-4Mwc Mw/Mnc 1-Hexened
7 (0.1) Al/B 61000 45 4.8
7 (0.1) MMAO 56000 121 15.2
7 (0.025)e Al/Be 416000 58 2.1 2.15
CGC (0.1) Al/B 21000 31 4.1
CGC (0.1) MMAO 800 50 5.4
CGC (0.025)e Al/Be 120000 38 4.2 8.49
a Cited from ref. 38.Conditions: toluene 200mL, ethylene 6 atm, 60 ◦C, 1 h,
catalyst 0.1mmol. b MMAO0.5mmol orAl/B=AliBu3/[Ph3C][B(C6F5)4]=
0.25/0.001 mmol. c Activity in kg-polymer/mol-Ti·h. d 1-Hexene con-
tent in mol%, estimated by 13C NMR spectra. e AliBu3 0.25 mmol,
[Ph3C][B(C6F5)4] 1.0 mmol.
highly affected by the substituents (R1,R2); Cp*TiX2[N(2,6-
F2C6H3)(NiPr2)] exhibited notable activity;37a they also described
that these complexes were also effective for synthesis of ultra-high
molecular weight polyethylene.
Ethylene polymerisation and copolymerisation of ethylene with
1-hexene catalysed by heterobimetallic dinitrogen complex (7,
Scheme 2) were reported.38 The complex exhibited high catalytic
activities, but the 1-hexene incorporation was not sufﬁcient
probably due to bulky substituent in the anionic donor ligand
(Table 12).
Kretschmer and Hessen reported that half-titanocenes
containing 1,3-bis(xylyl)iminoimidazolidide ligand, CpTi(CH2-
Ph)2[N C[{N(2,6-Me2C6H3)CH2}2]] (8, Scheme 2) exhibited
notable catalytic activities for ethylene polymerisation in the
presence of B(C6F5)3 co-catalyst.27 As shown in Table 13, they
emphasised that the catalyst showed higher catalytic activities
than the CpTi(CH2Ph)2(NPtBu3) under the same conditions
(in the presence of partially hydrolyzed AliBu3, TIBAO). No
polymerisation results in the presence of MAO were referred
to.27 They also introduced the results for copolymerisation of
ethylene with a-oleﬁn, styrene, norbornene, but the comonomer
incorporations were not as high as those by the aryloxo21,32 or
ketimide analogues.30
Taking into account the facts described above, the role of anionic
donor ligand should be the key for design ofmore effective catalyst
precursors in this catalysis.
Half-titanocenes containing various pyrrolide ligands,
Cp¢TiCl2(Y) (9, Scheme 2), were prepared and their use as catalyst
precursors for ethylene polymerisation were explored.39 The
Cp* analogues exhibited higher catalytic activity than the Cp
analogues in the presence of MAO (Table 14); Cp*TiCl2(C4H4N)
exhibited the highest catalytic activity. Both electronic and steric
factors affected the activity. However, the resultant polymers
prepared by the dichloride analogue–MAO catalysts systems
possessed trace amounts of low or high molecular weight
shoulders, probably due to dissociation of the pyrrolide ligand
by Al in the catalytic reaction in the presence of MAO (Fig. 2).
The resultant polymers possessed unimodal molecular weight
distributions when the polymerisations were conducted by the
dimethyl analogues-borate catalyst systems.
Half-titanocenes containingh2-pyrazolato ligands (coordinated
to Ti in h2-N,N¢-coordination mode) were prepared and their
use as catalyst precursors for ethylene polymerisation in the
presence of MAO were explored (Table 15).40 The Cp* ana-
logues showed higher catalytic activities than the Cp analogues;
Cp*TiCl2(C3H3N2) exhibited the highest activity. In contrast to the
results by the half-titanocenes containing the pyrrolide ligands,
the resultant polymers possessed unimodal molecular weight
Table 13 Ethylene polymerisation by CpTi(CH2Ph)2(Y) (8)–co-catalyst systemsa
Y (anionic ligand) Al co-cat. Activity/kg-PE/mol-Ti·h bar 10-5Mwb Mw/Mnb
N C[N(CH2)5]2 — 376 4.06 1.9
N C[N(CH2)5]2 TIBAO 32 5.83 1.7
N C[N(CH2)2(2,6-Me2C6H3)2] — 896 3.61 1.9
N C[N(CH2)2(2,6-Me2C6H3)2] TIBAO 1600 6.63 2.2
N CtBu2 — 353 5.43 1.9
N PtBu3 — 848 5.18 2.2
N PtBu3 TIBAO 1128 7.17 2.1
a Cited from ref. 27. Conditions: Ti 10 mmol, Al/B(C6F5)3/Ti = 20/1.1/1.0 (molar ratio), ethylene 5 bar, 80 ◦C, 15 min, toluene 210 or 260 mL. b GPC
data vs. polystyrene standards.
7672 | Dalton Trans., 2011, 40, 7666–7682 This journal is © The Royal Society of Chemistry 2011
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Fig. 2 GPC traces for resultant polyethylenes prepared by half-titanocenes containing pyrrolide ligands (data shown in Table 14).39
Table 14 Ethylene polymerisation by Cp¢TiX2(L) [Cp¢ = Cp*, Cp; L =
C4H4N, 2,5-Me2C4H2N; X = Cl, Me]–co-catalyst systemsa
Catalyst (mmol) Activityb 10-3Mnc Mw/Mnc
Cp*TiCl2(C4H4N) (0.2) 5550 22.7d 2.38
Cp*TiCl2(2,5-Me2C4H2N) (0.2) 1500 20.7 2.38
Cp*TiMe2(C4H4N) (0.2)e 10020 112 2.47
Cp*TiMe2(C4H4N) (0.2) 5970 17.3f 2.16
Cp*TiMe2(2,5-Me2C4H2N) (0.2)e 8100 160 2.75
Cp*TiMe2(2,5-Me2C4H2N) (0.2) 4620 12.6f 2.88
CpTiCl2(C4H4N) (0.2) 330 336 4.25
2.18 2.23
CpTiCl2(2,5-Me2C4H2N) (0.2) 750 312 4.47
2.61 2.12
a Cited from ref. 39. Conditions: toluene total 30 mL, ethylene 6 atm,
10 min, 25 ◦C, d-MAO 3.0 mmol. b Activity = kg-PE/mol-Ti·h. c GPC
data in o-dichlorobenzene vs. polystyrene standards. d Trace amount of
high molecular weight polymer was also obtained in the GPC trace.
e Conditions: [iBu3Al]/[Ti] = 250, [[Ph3C][B(C6F5)4]]/[Ti] = 3.0. f Peak
ascribed to high molecular weight was also seen in a trace amount.
Table 15 Ethylene polymerisation by Cp¢TiCl2(Y) (10, Cp¢ = Cp*, Cp;
Y = C3H3N2, 3,5-Me2C3HN2, 3,5-iPr2C3HN2)–MAO catalyst systemsa
Catalyst Cp¢, L Activityb 10-4Mnc Mw/Mnc
Cp*, C3H3N2 9000 3.52 2.17
Cp*, 3,5-Me2C3HN2 7320 2.91 2.62
Cp*, 3,5-iPr2C3HN2 8700 2.40 2.44
Cp, C3H3N2 540 130.6 2.31
Cp, 3,5-Me2C3HN2 780 124.4 2.29
Cp, 3,5-Ph2C3HN2 1200 89.5 3.03
a Cited from ref. 40. Conditions: complex 0.1 mmol, toluene total 30 mL,
ethylene 6 atm, 10 min, 25 ◦C, d-MAO 2.0 mmol. b Activity = kg-PE/mol-
Ti·h. c GPCdata in o-dichlorobenzene vs. polystyrene standards. d Bimodal
molecular weight distribution.
distributions in most cases.40 The Cp analogues afforded ultra-
high molecular weight polymers with unimodal distributions.
These complexes were also effective for syndiospeciﬁc styrene
polymerisation by the ligand modiﬁcation;53 both the Cp and
tBuCp analogues were effective for the styrene polymerisation.
More recently, we have demonstrated that (tBuC5H4)TiCl2(3,5-
iPr2C3HN2) exhibited better norbornene incorporation in the
ethylene/norbornene copolymerisation. Precise tuning of both the
Cp¢ and the pyrazolato ligands were found to be very important
for the desired polymerisation.
2. Syndiospeciﬁc styrene polymerisation and
ethylene/styrene copolymerisation using
half-titanocenes: ligand effects and some new
mechanistic aspects
Syndiotactic polystyrene (SPS) is a unique polymeric material
due to its high melting point (Tm = 270 ◦C), high crystallinity,
low density, low dielectric constant, and high chemical resistance
toward organic solvents.3,15a,41,54,55 This polymer cannot be pre-
pared by free radical, anionic or ordinary Ziegler–Natta processes,
but can be prepared by the syndiospeciﬁc polymerisation using
various half-titanocenes (Scheme 4), Cp¢TiX3 or Cp¢TiX2(Y)
(Cp¢ = cyclopentadienyl group;X = halogen, alkoxo, alkyl, etc.; Y =
anionic donor ligand).3,15a Ethylene/styrene co-polymers, which
cannot be prepared by conventional (free radical, Ziegler–Natta)
processes,3,6b,15b,c,56 also attract considerable attention,57 because
styrene incorporation into the PE backbone results in drastic
changes in the viscoelastic behavior as well as in the thermo-
mechanical properties of the polymeric material.57b
Scheme 4 Syndiospeciﬁc styrene polymerisation and ethylene/styrene
copolymerisation by half-titanocenes.15b,c
Half-titanocenes such as Cp*TiF3, Cp*Ti(OMe)3 and
(indenyl)TiCl3 are known to be efﬁcient catalyst precursors for
This journal is © The Royal Society of Chemistry 2011 Dalton Trans., 2011, 40, 7666–7682 | 7673
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syndiospeciﬁc styrene polymerisation.3,15a,41,54,55 However, these
catalyst precursors showed low activities in the ethylene/styrene
copolymerisation and the resultant polymers afforded a mixture
of polyethylene, syndiotactic polystyrene and the copolymer.58
In contrast, modiﬁed half-titanocenes of the type, Cp¢TiX2(Y),
are effective not only for syndiospeciﬁc styrene polymerisation,
but also for ethylene/styrene copolymerisation to afford the
copolymers exclusively (Scheme 4).15b,c,32 Linked half-titanocenes
(so-called “constrained geometry type”) are also effective for ethy-
lene/styrene copolymerisation,6,15b,c,59–62 although these complexes
generally exhibited extremely low catalytic activities for styrene
polymerisation.59a,62a Certain metallocenes and group 4 transition
metal complexes, so-called post-metallocenes are also known to
be effective for the copolymerisation.63–66
2.1. Effect of ligand in syndiospeciﬁc styrene polymerisation using
Cp¢TiX2(Y)–MAO catalyst systems
Modiﬁed half-titanocenes, especially aryloxo modiﬁed half-
titanocenes, showed unique characteristics in ethylene
copolymerisations.7b,c,28–32 It was also demonstrated that an
efﬁcient catalyst for ethylene polymerisation can be modiﬁed
for efﬁcient catalysts for syndiospeciﬁc styrene polymerisation
by ligand modiﬁcation of the cyclopentadienyl fragment [Cp*
analogue (2a), 1,3-Me2C5H3 or tBuC5H4 (2b) analogues] (Scheme
5).15c,32a Moreover, as describedbelow, these complexes incorporate
styrene efﬁciently in the ethylene/styrene copolymerisation
affording the copolymers exclusively even with high styrene
contents (>50–80 mol%).15b,c,32a,b The role of the anionic donor
ligand (aryloxo etc.) should be negligible according to an
assumption that cationic Ti(III), [Cp¢Ti(R)(styrene)]+ (R =
polymer, alkyl chain) plays an essential role for the syndiospeciﬁc
styrene polymerisation,54,55,67 but we explored the effect toward
the activity in this catalysis.15c,24a,68–70
Scheme 5 Ligand modiﬁcations for efﬁcient catalysts.15b,c
Table 16 summarises the results for styrene polymerisation
using a series of Cp¢TiCl2(OAr) (Ar = 2,6-iPr2C6H3) and Cp¢TiCl3
[Cp¢ = Cp, 1,3-Me2C5H3, 1,2,4-Me3C5H2, C5Me5] complexes in
the presence of MAO at various temperatures.68 The activities
by Cp¢TiCl2(OAr)–MAO catalyst system increased at higher
temperature; the activity with 16000 kg-sPS/mol-Ti·h could thus
be attained with CpTiCl2(OAr) at 85 ◦C (Table 16). The observed
activities by the aryloxy systems increased at high temperatures in
most cases, and the activity at 70 ◦C increased in the order: Cp
> 1,3-Me2C5H3  1,2,4-Me3C5H2 > C5Me5. The trend was the
same as that by the trichloride systems, suggesting that the activity
was strongly affected by the nature of cyclopentadienyl fragment.
The observed trend was similar to that reported by Kaminsky.54f
The Mw values in the resultant SPS prepared by the aryloxo
analogue–MAO catalyst systems increased in the order: C5Me5
Table 16 Syndiospeciﬁc styrene polymerisation by Cp¢TiCl2(Y) [Y = Cl
or OAr; Ar = 2,6-iPr2C6H3]–MAO catalyst systemsa
Cp¢TiCl2(Y) T/◦C Activityb 10-4Mwc Mw/Mnc
CpTiCl2(OAr) 40 1000 5.7 2.1
CpTiCl2(OAr) 55 4130 5.8 2.0
CpTiCl2(OAr) 70 15300 4.0 2.5
CpTiCl2(OAr) 85 16000 2.2 2.4
(1,3-Me2C5H3)TiCl2(OAr) 40 8460 35.2 2.3
(1,3-Me2C5H3)TiCl2(OAr) 55 11500 18.2 2.0
(1,3-Me2C5H3)TiCl2(OAr) 70 13700 8.6 1.9
(1,2,4-Me3C5H2)TiCl2(OAr) 40 3680 35.4 2.1
(1,2,4-Me3C5H2)TiCl2(OAr) 70 6900 12.5 1.7
Cp*TiCl2(OAr) 40 285 26.8 2.6
Cp*TiCl2(OAr) 55 1640 53.1 2.5
Cp*TiCl2(OAr) 70 3600 49.0 2.2
Cp*TiCl2(OAr) 85 4290 32.3 2.2
CpTiCl3 40 15800 6.7 2.8
CpTiCl3 55 17500 4.8 2.7
CpTiCl3 70 15300 3.3 2.4
CpTiCl3 85 13300 2.2 2.2
(1,3-Me2C5H3)TiCl3 40 6110 34.3 2.2
(1,3-Me2C5H3)TiCl3 55 9510 17.6 2.0
(1,3-Me2C5H3)TiCl3 70 7270 10.3 2.1
(1,2,4-Me3C5H2)TiCl3 40 1650 16.1 1.7
(1,2,4-Me3C5H2)TiCl3 70 3730 9.7 2.0
Cp*TiCl3 40 320 36.2 2.3
Cp*TiCl3 55 666 33.2 2.3
Cp*TiCl3 70 1970 24.8 2.5
Cp*TiCl3 85 3280 17.5 2.2
a Cited from ref. 68.Conditions: complex 2.0mmol, styrene/toluene= 10/20
mL,MAOwhite solid (Al/Ti = 1500, molar ratio), 10 min. b Activity in kg-
sPS/mol-Ti·h. c GPCdata in o-dichlorobenzene vs. polystyrene standards.
> 1,2,4-Me3C5H2, 1,3-Me2C5H3 > Cp. Although some Mw values
by the aryloxy systems were different from those by the trichloride
systems, the order in the Mw values was very similar to that by
the trichloride systems;68 it thus seems that the introduction of an
electron-donating substituent on the Cp¢was effective in obtaining
high molecular weight SPS under these conditions (probably due
to the enhanced propagation rate by introducing an electron-
donating group on the Cp¢, or as a result of the difference in
the chain-transfer step by introducing steric bulk on Cp¢).68
The results using the Cp*TiCl2(Y) (varying a series of anionic
donor ligands) in the presence of MAO co-catalyst are sum-
marised in Table 17.15c,24a,68–70 Cp*TiCl2(O-2,6-Me2C6H3) exhibited
remarkable activities which increased at higher temperature.68 The
activity at 70 ◦C increased in the order: Y = O-2,6-Me2C6H3
 OPh, O-4-MeC6H4, O-2,6-iPr2C6H3 > Cl, O-2,6-tBu2C6H3
> O-2-Me-6-(ArN CH)C6H3 > O-2-tBu-6-(ArN CH)C6H3 >
N CtBu2. The results clearly indicate that the substituent on the
aryloxy (anionic donor) ligand directly affects the catalytic activity.
Moreover, theMw value for resultant SPSwas alsodependent upon
the anionic ligand employed. These results suggest that aryloxo
ligand play an important role toward both the activity and theMw
value.
The activities in the styrene polymerisation using a series
of (tBuC5H4)TiCl2(Y) were also dependent upon the aryloxy
ligand employed, and the activity increased in the order (con-
ditions: complex 1.0 mmol, Al/Ti = 3000, 25 ◦C, 10 min):
Y = O-2,6-iPr2-4-tBuC6H2 (2680 kg-sPS/mol-Ti·h) > O-2,6-
Me2C6H3, O-2,6-iPr2C6H3 (1370) > O-2,4,6-Me3C6H2 (534) >
O-2,6-tBu2C6H3 (258) > O-2,6-tBu2-4-MeC6H2 (54).44 Moreover,
the activity by (1,3-Me2C5H3)TiCl2(Y), [Y = Cl, O-2,6-iPr2C6H3,
7674 | Dalton Trans., 2011, 40, 7666–7682 This journal is © The Royal Society of Chemistry 2011
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Table 17 Effect of anionic donor ligand in styrene polymerisation by
Cp*TiCl2(Y)–MAO catalyst systemsa
Y (anionic ligand) T/◦C Activityb 10-4Mwc Mw/Mnc
Cl 40 320 36.2 2.3
Cl 70 1970 24.8 2.5
Cl 85 3280 17.5 2.2
OC6H5 40 733 55.1 2.2
OC6H5 70 4170 54.3 2.0
OC6H5 85 6390 47.8 2.1
O-4-MeC6H4 40 757 30.4 2.8
O-4-MeC6H4 70 3750 26.7 2.4
O-4-MeC6H4 85 6020 24.2 2.3
O-2,6-Me2C6H3 40 1020 30.1 2.3
O-2,6-Me2C6H3 70 9200 28.0 2.1
O-2,6-Me2C6H3 85 12400 20.7 2.1
O-2,6-iPr2C6H3 40 285 26.8 2.6
O-2,6-iPr2C6H3 70 3600 49.0 2.2
O-2,6-iPr2C6H3 85 4290 32.3 2.2
O-2,6-tBu2C6H3 40 75 11.0 1.9
O-2,6-tBu2C6H3 70 1780 20.5 2.3
O-2,6-tBu2C6H3 85 5690 23.1 2.2
O-2-Me-6-(ArN CH)C6H3 40 192 21.3 2.1
O-2-Me-6-(ArN CH)C6H3 70 552 18.5 2.3
O-2-tBu-6-(ArN CH)C6H3 40 126 19.3 2.3
O-2-tBu-6-(ArN CH)C6H3 70 378 17.1 2.2
N CtBu2 40 81 20.9 2.3
N CtBu2 70 222 19.1 2.1
a Cited from refs. 24a and 68–70. Conditions: complex 2.0 mmol,
styrene/toluene= 10/20mL,MAOwhite solid (Al/Ti= 1500,molar ratio),
10 min. b Activity in kg-sPS/mol-Ti·h. c GPC data in o-dichlorobenzene
vs. polystyrene standard.
N(Me)Cy (Cy = cyclohexyl), N(2,6-Me2C6H3)(SiMe3)]–MAO cat-
alyst systems strongly depended upon the anionic donor ligand
employed,68 and use of aryloxo ligand was effective for exhibiting
the high activity, and molecular weight distribution for SPS
prepared by the anilide analogue was bimodal, probably due to
generation of the several catalytically-active species being present
in the reaction mixture.68 These results also suggested that the role
of anionic ligand is present in this catalytic polymerisation.
As described above, ordinary half-titanocenes such asCp*TiCl3,
Cp*Ti(OMe)3, (indenyl)TiCl3 are known to be efﬁcient catalyst
precursors for syndiospeciﬁc styrene polymerisation in the pres-
ence of a co-catalyst.3,15a,41,54,55,67 The oxidation state of the active
species has been invoked as cationic Ti(III) (Scheme 6 left),54,55,57
whereas the cationic Ti(IV) species would play a role for the
ethylene/styrene copolymerisation.15b,32d,e,58 In contrast, Tomotsu
(Idemitsu) insisted a possibility that neutral Ti(III) species,54g
[Cp¢Ti(R)(Y)(styrene)] (Y = anionic ligand), should play a role
as the active species (Scheme 6 right).3,15
Scheme 6 Proposed catalytically-active species for syndiospeciﬁc styrene
polymerisation.13a–c
Table 18 Ethylene/styrene copolymerisation using Cp*Ti(CH2Ph)3–
B(C6F5)3–AliBu3 catalyst systema
Compositiond (wt%)
T/◦C Styrene/mol L-1 Yieldb/g Activityc PE E/S SPS
0 1.1 0.30 48 > 90
25 0.8 0.45 72 63 22 15
50 0.4 0.35 56 33 58 9
50 0.65 0.53 85 12 63 25
50 1.2 0.49 78 6 72 22
50 2.0 1.00 160 8 20 72
75 0.5 0.35 56 29 41 30
a Cited from ref. 58b, Conditions: Cp*Ti(CH2Ph)3/B(C6F5)3/AliBu3 =
25/25/25 mmol, ethylene 1 atm, toluene + styrene total 26 mL.
b After removal of atactic polystyrene. c Activity in kg-polymer/mol-Ti·h.
d Estimated from 13C NMR spectra.
On the basis of the above results, it is clear that both
cyclopentadienyl fragment and anionic ancillary donor ligand
play an essential role for exhibiting high activity as well as
for affording high molecular weight syndiotactic polymer with
unimodal molecular weight distribution. Since the role of anionic
donor ligand toward both the activity and the molecular weight
is present, if the possibility that neutral Ti(III) or cationic Ti(IV)
species plays a role for this polymerisation, although it has been
generally invoked that cationic Ti(III) plays an essential role for
the syndiospeciﬁc styrene polymerisation.
2.2. Ethylene/styrene copolymerisation using half-titanocenes
As described above, half-titanocenes, Cp*TiX3 (X = F, OMe
etc.), which are efﬁcient catalyst precursors for syndiospeciﬁc
styrene polymerisation,3,15a,41,54,55 afforded a mixture of polyethy-
lene (PE), syndiotactic polystyrene (SPS) and the copolymer (E/S
copolymer) in the ethylene/styrene (co)polymerisation.58,32d The
product distribution and the activity in (co)polymerisation using
a CpTiX3–MAO catalyst system is thus highly sensitive to the
anionic donor ligand (X = Cl, CH2Ph, OCH3, OCH2Ph etc.), the
reaction conditions, the nature of MAO,58c,d and the exact mixing
sequence and pre-contact time. These factors usually lead to poor
reproducibility.
Pellecchia and Zambelli reported that Cp*Ti(CH2Ph)3–
B(C6F5)3 afforded E/S copolymer including PE and SPS, and
the distributions were dependent upon the polymerisation tem-
perature, the pretreatment procedure (Table 18).58b The resultant
copolymer possessed an alternating sequence, and no resonances
ascribed to styrene repeating units were seen. However, it seems
very difﬁcult to ﬁnd suitable conditions for the exclusive prepara-
tion of E/S copolymer (Table 18), and selective co-oligomerization
proceeded in the presence of Cp¢TiCl3 (Cp¢ = Cp, Cp*, indenyl)–
B(C6F5)3 (MAO) catalyst systems under certain conditions.71
2.2.1. Recent results in ethylene/styrene copolymerisation by
linked (constrained geometry type) half-titanocenes. Linked half-
titanocenes are known to be efﬁcient catalyst precursors for
the copolymerisation,6,59–61 although they exhibited extremely low
activity for the syndiospeciﬁc styrene polymerisation.59a,62a It has
also been reported that styrene incorporation by linked Cp-
amide Ti catalyst (constrained geometry catalyst, CGC) systems
This journal is © The Royal Society of Chemistry 2011 Dalton Trans., 2011, 40, 7666–7682 | 7675
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Table 19 Copolymerisationof ethylenewith styreneusingdifferent linked
half-titanocene–MAO catalyst systemsa
Complex Activityb 10-4Mwc Mw/Mnc Styrened (mol%)
1 (X = Me) 23700 1.13 2.36 11.0
11 61000 7.28 4.76 21.5
12 99400 13.4 5.26 30.6
a Cited from ref. 59c. Conditions: complex 3.0 mmol, styrene 455 g, toluene
433 g, ethylene 200 psi (13.6 atm), H2 50 psi, B(C6F5)3 3.0 mmol, 90 ◦C,
30 min. b Activity in kg-polymer/mol-Ti·h. c GPC data vs. polyethylene
standards. d Styrene content in E/S copolymer estimated by 1H NMR
spectra.
is invariably <50 mol%, regardless of the styrene/ethylene feed
ratio.6,59–61
It has been known that the cyclopentadienyl fragment affected
both the catalytic activity and the styrene incorporation,60 and
substitution of an amide ligand was also effective for improving
the styrene incorporation:61b,c notable styrene incorporation was
seen with the cyclohexyl analogue, [Me2Si(C5Me4)(NCy)]TiCl2,
although a decrease in the activity was observed.61c Klosin and
Timmers et al. (Dow Chemicals) reported that complexes 11 and
12 (Scheme 7) show a signiﬁcantly better efﬁciency and styrene
reactivity than catalyst 1 (X = Me) (Table 19).59c Complex 11 was
less efﬁcient and less reactive toward styrene than 12 under the
same conditions, and this may be due not only to the steric bulk
of the freely rotating phenyl groups, but also to electronic effects,
where more effective electron donors to the Cp fragment through
conjugation should be possible in the permanently coplanar aryl
groups of 12.59c
Scheme 7 Selective set of linked half-titanocenes employed for ethy-
lene/styrene copolymerisation.59
As described above, mononuclear linked half-titanocenes (con-
strained geometry catalysts, CGCs) showed extremely low cat-
alytic activity for styrene polymerisation, and the styrene content
in the resultant copolymer did not exceed 50 mol%. In contrast,
the bimetallic system (Ti22B1 or Ti2B2 in Scheme 8) recently
reported by Marks et al. exhibited signiﬁcantly higher catalytic
activities for styrene polymerisation than the mononuclear system
(2Ti1B1 or 2Ti1B2), although the resultant polymer possessed
atactic stereoregularity (Table 20).62 The resultant polystyrene
possessed unimodalGPC traces (Mw/Mn = 1.44, 1.47), and an end
group analysis results showed that homopolymers are produced
exclusively via a coordination/insertion pathway.
Efﬁciency in the styrene incorporation in the ethylene/styrene
copolymerisation dramatically improved with the use of a din-
uclear catalyst system (Ti22B1); synthesis of a copolymer with
a high styrene content (76 mol%) has thus been achieved in this
catalysis (Table 20). Therefore, this catalyst system afforded broad-
range controllable styrene incorporation (styrene contents 39–76
mol%) in the copolymerisation, although the observed activities
Scheme 8 Catalyst/co-catalyst nuclearity matrix for constrained geome-
try catalysts.62b
should be further improved.62a Resonances ascribed to the three
consecutive head-to-tail coupled styrene units in addition to tail-
to-tail coupled dyads were observed in the 13C NMR spectra of
the resultant copolymers (styrene >50 mol%).62a It was assumed
that the arene ring of the last-inserted styrene may preferentially
coordinate to the adjacent Ti center in the bimetallic Ti2 (Scheme
9), thus reducing coordinative saturation at the polymerisation
site and accelerating homopolymerisation.62a,b The coordinated
arene rings can, in principle, participate in several types of
multimetallic/enchainment-altering interaction.
Scheme 9 Proposed pathways in the ethylene/styrene
copolymerisation.62b
2.2.2. Ethylene/styrene copolymerisation by modiﬁed half-
titanocenes, Cp¢TiX2(Y). The aryloxo modiﬁed half-titanocenes,
Cp¢TiX2(O-2,6-iPr2C6H3) (Cp¢ = cyclopentadienyl group; X = Cl,
Me) exhibited high catalytic activities for ethylene/styrene copoly-
merisation in the presence of MAO, affording poly(ethylene-co-
styrene)s exclusivelywithout PE and/or SPS as by-products (Table
21).32a,b The resultant copolymers possessed not only relatively
high molecular weights with unimodal molecular weight distribu-
tions, but also single composition as conﬁrmed by DSC thermo-
grams, CFC and GPC/FT-IR.32b The activities decreased slightly
with an increase in the styrene concentration, whereas the styrene
contents in the copolymers increased upon increasing the [S]/[E]
7676 | Dalton Trans., 2011, 40, 7666–7682 This journal is © The Royal Society of Chemistry 2011
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Table 20 Styrene polymerisation and ethylene/styrene copolymerisation catalysed by mononuclear or dinuclear linked half-titanocenes-co-catalyst
systemsa
Cat. Styrene/toluene (mL) Ethylene/atm t/h Activityb 10-4Mwc Mw/Mnc Styrened (mol%)
Ti1 + B1 5/25 — 3 2.7 11.96 1.84 100
Ti2 + B2 5/25 — 3 104 1.04 1.44 100
Ti2 + B1 5/25 — 3 112 0.80 1.47 100
Ti2 + B1 10/50 1.0 1 259 35.8 1.82 39
Ti2 + B1 20/40 1.0 1.5 194 47.1 1.33 50
Ti2 + B1 30/30 1.0 0.5 384 43.8 2.40 66
Ti2 + B1 60/0 1.0 0.5 312 47.9 1.72 76
a Cited from ref. 62. Conditions: Ti1 (10 mmol) or Ti2 (5 mmol) + B1 (10 mmol) or B2 (5 mmol), 20 ◦C, ethylene 1.0 atm. b Activity in kg-polymer/mol-Ti·h.
c By DSC thermograms. d GPC data vs. polystyrene standards. e Estimated by 13C NMR spectra.
initial feed molar ratios. Styrene incorporations with aryloxo ana-
logues is more efﬁcient than that with [Me2Si(C5Me4)(NtBu)]TiCl2
(1, X = Cl). Thus, the present catalysis provides an efﬁcient synthe-
sis of copolymer with high styrene content, especially higher than
50 mol%, in a random manner. The analysis of the microstructure
of the resultant E/S copolymers by 13C NMR spectroscopy indi-
cated that the resultant copolymer prepared by the 1,2,3-Me3C5H2
analogue, (1,2,3-Me3C5H2)TiCl2(O-2,6-iPr2C6H3), possesses reso-
nances ascribed to two or three styrene repeat units connected
via head-to-tail coupling, in addition to the resonances ascribed
to tail-to-tail coupling of a styrene unit or head-to-head bridged
by an intervening ethylene unit. This is especially interesting in
contrast to the results with the linked half-titanocene (1).15a,32a,b
Copolymerisation by other modiﬁed half-titanocenes has also
been reported (Scheme 10). Ethylene/styrene copolymerisation
by Cp*TiCl2(N CtBu2) (13) took place in a living manner in the
presence of MAO co-catalyst, although the homopolymerisation
of ethylene and styrene did not proceed in a living manner.32c No
styrene repeating units were observed in the resultant copolymers,
suggesting that a certain degree of styrene insertion inhibits chain
transfer in this catalysis. The living nature was maintained under
various conditions (Al/Ti molar ratios, ethylene pressure, styrene
concentrations, temperature).32d
Scheme 10 Other modiﬁed half-titanocenes employed for the ethy-
lene/styrene copolymerisation.26b,27,32c,d
Copolymerisation with CpTiX2(N PCy3) (5, X = Cl, Me)-co-
catalyst (MAO, borates) systems proceeded with notable catalytic
activities [at 60–90 ◦C, ethylene 70 psi (4.76 atm), [S]/[E] = 12],26b
however, styrene incorporation seemed less efﬁcient than with ei-
ther aryloxo analogues or linked half-titanocene [styrene content:
33.4–61.4 wt% (<27.6 mol%)].26b,72 Half-titanocene containing
iminoimidazolidide ligand (8) also exhibited remarkable catalytic
activity under certain conditions, but the styrene content in the
resultant copolymer was low [ethylene 5 bar, styrene/toluene =
20/210 mL, 80 ◦C; activity = 1960 kg-polymer/mol-Ti·h, Mw =
1.79 ¥ 105, Mw/Mn = 2.1, styrene 10 wt% (2.9 mol%)].27
Taking into account the above results, it is clear that modiﬁed
half-titanocenes, Cp¢TiX2(Y), are better catalyst precursors for
synthesis of ethylene/styrene copolymers in high yields. It was
also clear that both the activity and the styrene incorporation are
dependent upon the type of ligands employed (cyclopentadienyl
fragment and anionic donor ligand). These complexes are also
effective for not only ethylene polymerisation, but also syndiospe-
ciﬁc styrene polymerisation; the results are in unique contrast to
those with ordinary half-titanocenes, Cp¢TiX3. Therefore, these
catalysts may be suitable for mechanistic study on syndiospeciﬁc
styrene polymerisation as well as copolymerisation, as described
below.15b,32d,e
2.3. Role of anionic donor ligand in ethylene/styrene
copolymerisation and syndiospeciﬁc styrene polymerisation:
Mechanistic considerations
Ethylene/styrene copolymerisations using three half-titanocenes
containing Cp* ligand of type, Cp*TiX2(Y) [X = Cl, Y =
N CtBu2, O-2,6-iPr2C6H3, Cl; X = Me, Y = O-2,6-iPr2C6H3, Me]-
co-catalyst systems were used under the same conditions (Table
22 and Table 23).32d In copolymerisation using the Cp*-ketimide
analogue (13)–MAO catalyst, both the activities and the styrene
content increased at higher temperature. The resultant copolymers
prepared with the ketimide analogue even at 55 ◦C still possessed
relatively low PDI values, suggesting that the living nature was
maintained under these conditions. The polymerisations with the
aryloxy analogue, Cp*TiCl2(OAr) (2a), gave copolymers with high
styrene contents (31.9–34.3 mol%), and signiﬁcant increase in
the activity was not observed at high temperature. The resultant
copolymers prepared by 2a possessed lower Mn values with
unimodal, rather large PDI values (Mw/Mn = 1.50–1.62) than
those prepared by the Cp*-ketimide analogue, suggesting that a
chain-transfer reaction occurred to certain degree. In contrast,
the polymers prepared with the trichloride analogue, Cp*TiCl3,
showed bimodal molecular weight distributions consisting of a
mixture of PE and SPS, and the proportion of SPS increased
at high temperature due to an increase in the activity for
syndiospeciﬁc styrene polymerisation.32b,68
Copolymerisation using the aryloxy-dimethyl analogue,
Cp*TiMe2(OAr)–MAO or [PhN(H)Me2][B(C6F5)4] (AFPB) cat-
alyst system afforded the copolymer (Table 23);32d no distinct
differences in the microstructures were observed in the 13C NMR
spectra. In contrast, the polymer prepared with the Cp*TiMe3-
AFPB catalyst was PE (containing a trace amount of the
This journal is © The Royal Society of Chemistry 2011 Dalton Trans., 2011, 40, 7666–7682 | 7677
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Table 21 Ethylene/styrene copolymerisation by Cp¢TiCl2(OAr) [Cp¢ = 1,2,3-Me3C5H2, 1,3-Me2C5H3, tBuC5H4; OAr = O-2,6-iPr2C6H3] or
[Me2Si(C5Me4)(NtBu)]TiCl2–MAO catalyst systemsa
E/S Copolymer (THF soluble)
Complex Styrene/mL Activityb Contentc (wt%) 10-4Mwd Mw/Mnd Styrenee (mol%)
(1,2,3-Me3C5H2)TiCl2(OAr) 3 4100 99.1 17.0 1.6 26.0
(1,2,3-Me3C5H2)TiCl2(OAr) 5 3070 98.3 11.0 1.7 38.8
(1,2,3-Me3C5H2)TiCl2(OAr) 10 2720 97.8 6.6 1.6 51.2
(1,2,3-Me3C5H2)TiCl2(OAr)f 15 1850 90.4 3.6 2.1 73.6
(1,3-Me2C5H3)TiCl2(OAr) 10 4140 98.2 3.7 1.6 49.0
(tBuC5H4)TiCl2(OAr) 10 1840 98.7 3.5 2.2 51.2
[Me2Si(C5Me4)(NtBu)]TiCl2 10 5630 99.6 18.0 1.8 32.7
a Cited from ref. 32b. Conditions: complex 1.0 mmol (2.0 mmol mL-1-toluene), ethylene 4 atm, total volume of toluene and styrene = 30 mL, MAO white
solid (Al/Ti = 2000, molar ratio), 25 ◦C, 10 min. b Activity (kg-polymer/mol-Ti·h), polymer yield in acetone insoluble fraction. c Percentage of content
in copolymer based on polymer obtained (acetone insoluble, THF soluble fraction). d GPC data in o-dichlorobenzene vs. polystyrene standards. e Styrene
content (mol%) in copolymer by 1H NMR (1,1,2,2-C2D2Cl4). f Conducted under ethylene 2 atm.
Table 22 Copolymerisation of ethylene with styrene by Cp*TiCl2(Y) [Y = N CtBu2, O-2,6-iPr2C6H3, (OAr), Cl]–MAO catalyst systemsa
Compositionb(%)
Cat. Y T/◦C E-S PE SPS Activityc Styrened (mol%) 10-4Mne Mw/Mne
N CtBu2 25 > 99 tr. tr. 396 7.4 9.5 1.18
N CtBu2 40 > 99 tr. tr. 790 9.3 14.4 1.28
N CtBu2 55 > 99 tr. tr. 1110 10.4 19.7 1.31
OAr 25 > 99 tr. tr. 504 31.9 9.28 1.62
OAr 40 > 98 tr. tr. 660 34.3 9.79 1.50
Clf 25 tr. 86.8 13.2 250 > 99g 5.85 1.26
— 0.29 2.69
Clf 40 tr. 81.6 18.4 280 > 99g 5.07 1.31
— 0.31 1.75
Clf 55 tr. 69.8 30.2 260 > 99g 3.56 1.48
— 0.21 1.77
a Cited from ref. 32d. Conditions: catalyst 2.0 mmol, MAO white solid 3.0 mmol, ethylene 6 atm, styrene 10 mL, styrene + toluene total 30 mL, 10 min.
b Based on a mixture of PE, SPS and copolymer. (acetone insoluble fraction). c Activity in kg-polymer/mol-Ti·h. d Styrene content (mol%) estimated
by 1H NMR spectra. e GPC data in o-dichlorobenzene vs. polystyrene standards. f Resultant polymers were a mixture of PE and SPS. g Conﬁrmed by
GPC/FT-IR, 13C NMR spectra, DSC thermograms.
copolymer with low styrene content) or the copolymer with an
extremely low styrene content,whereas the copolymerisation in the
presence of MAO afforded a mixture of PE and SPS, as observed
in the (co)polymerisation using Cp*TiCl3. The fact that no SPS
was formed in polymerisation with Cp*TiMe3–AFPB catalyst was
analogous to the fact that Cp*Ti(CH2Ph)3–AFPB catalyst did not
afford SPS in an attempted styrene polymerisation (under dark
conditions), and only poly(propylene-co-styrene) oligomer was
formed in the propylene/styrene copolymerisation.67
These results strongly suggest that cationic Ti(IV) species play
an important key role in the ethylene polymerisation as well
as the ethylene/styrene copolymerisation. These results also
suggest that another catalytically-active species [likely Ti(III)] for
syndiospeciﬁc styrene polymerisation is formed in the presence of
MAO.32d
Exclusive formation of copolymers without formation of SPS
as a by-product was observed with the introduction of ethylene
into a solution of syndiospeciﬁc styrene polymerisation using
Table 23 Ethylene/styrene copolymerisation by Cp*TiMe2(O-2,6-iPr2C6H3), Cp*TiMe3–MAO or [PhN(H)Me2][B(C6F5)4] (AFPB) catalyst systemsa
Compositionb(%)
Cat. (mmol) t/min E-S PE SPS Activityc Styrened (mol%) 10-4Mne Mw/Mne
Cp*TiMe2(OAr)/MAO (2.0) 10 99 tr. tr. 519 30.5 5.34 2.05
Cp*TiMe2(OAr)/AFPB (5.0) 20 99 tr. tr. 79.2 46.7 2.81 2.16
Cp*TiMe3/MAO (2.0) 10 tr. 68.6 31.4 366 > 99 8.66 1.37
— 0.81 2.33
Cp*TiMe3/AFPB (10.0) 20 tr. 99 tr. 43.8 tr, 0.5 3.53
a Cited from ref. 32d. Conditions: catalyst 2.0 mmol, MAO 3.0 mmol or AliBu3 1.0 mmol (borate system), [C6H5NH(Me)2][B(C6F5)4] (AFPB) 2.0 mmol,
styrene 10.0 mL, toluene 20 mL, 10 min. b Based on a mixture of PE, SPS and copolymer. (acetone insoluble fraction). c Activity in kg-polymer/mol-Ti·h.
d Styrene content (mol%) estimated by 1H NMR spectra. e GPC data in o-dichlorobenzene vs. polystyrene standards. tr. = trace.
7678 | Dalton Trans., 2011, 40, 7666–7682 This journal is © The Royal Society of Chemistry 2011
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Cp¢TiCl2(O-2,6-iPr2C6H3) (Cp¢ = tBuC5H4, 1,2,4-Me3C5H2)–MAO
catalysts (Scheme 11). Note that the activities and the Mw values
as well as the styrene contents in the latter copolymerisations
were identical to those in their independent runs. These results
clearly indicate that the active species for the syndiospeciﬁc
styrene polymerisation can be tuned to the active species for
copolymerisation.32e,73 In contrast, styrene polymerisation did not
proceed when ethylene was removed from the reaction mixture of
ethylene/styrene copolymerisation (likely due to oxidation upon
exposure to ethylene).32e
Taking into account the facts in addition to those in Table
23,32d the cationic Ti(IV) species, [Cp¢Ti(L)R]+, likely play a role
in the copolymerisation and the active species containing an
anionic ancillary donor ligand [assumed to be neutral Ti(III),
Cp¢Ti(L)R] proposedbyTomotsu et al.54g plays a role in syndiospe-
ciﬁc styrene polymerisation (Scheme 12).32e These results should
also explain the reported ﬁndings that the catalytic activities
and molecular weight of the resultant syndiotactic polystyrene
in styrene polymerisation using Cp¢TiX2(Y)-co-catalyst systems
were highly dependent upon the anionic donor ligand (Y),
regardless of kind of the co-catalyst used.32d,e,73 These proposals
are in contrasts to the hypothesis that cationic Ti(III) species,
[Cp¢Ti(R)(styrene)]+, play a role as the catalytically-active species
for the styrene polymerisation using Cp¢TiX3. This hypothesis
should help to explain why polystyrene structures in the resul-
tant copolymers prepared with Cp¢TiCl2(Y)–MAO catalysts are
atactic.
Promising results have been reported regarding copolymerisa-
tion using linked (so-called “constrained geometry type”) half-
titanocenes andmodiﬁed half-titanocenes [Cp¢TiX2(Y)], affording
random copolymer with various styrene contents, and both
the catalytic activities and the styrene incorporation are highly
affected by both the cyclopentadienyl fragments and anionic
donor ligands employed. The efﬁcient synthesis of random
copolymers could be achieved by using half-titanocenes contain-
ing aryloxy ligands. Cationic Ti(IV) species play an important
role as catalytically-active species in copolymerisation, whereas
(neutral and/or cationic) Ti(III) species play roles in syndiospeciﬁc
styrene polymerisation, and these ﬁndings may suggest why the
Scheme 11 Step (co)polymerisation of ethylene with styrene.32d
Scheme 12 Proposed catalytically-active species for syndiospeciﬁc
styrene polymerisation and ethylene/styrene copolymerisation.15b,32d
polystyrene structure in random copolymer prepared with half-
titanocenes was atactic.
Conclusion
As presented in this perspective article, it is now clear that
nonbridged modiﬁed half-titanocenes containing anionic ancillary
donor ligand of the type, Cp¢TiX2(Y), displayed unique char-
acteristics that are different from those especially of ordinary
catalysts (Ziegler–Natta, metallocenes, linked half-titanocenes).
Modiﬁcations of both the cyclopentadienyl fragment (Cp¢) and
anionic donor ligands (Y) are very important especially for the
successful copolymerisations (with both remarkable activities and
efﬁcient comonomer incorporation).7b,c As demonstrated in the
aryloxy,32a amide69 and phenoxyimine70 analogues in this article,
the efﬁcient catalyst precursors for ethylene polymerisation can
be tuned to the efﬁcient catalyst precursors for syndiospeciﬁc
styrene polymerisation by simplemodiﬁcation of cyclopentadienyl
fragment; we believe that this is one of the unique characteristics
for using this catalysis. Fine tuning of anionic donor ligand is
also important for exhibiting high catalytic activity (with better
stability in the catalytic reaction) as well as with better comonomer
incorporation.
We could see many reports concerning syntheses of half-
titanocenes of this type and their potential as ethylene polymeri-
sation catalysts. However, unfortunately, we could not see the
details in most cases; many researchers stopped their evaluations
only by ethylene polymerisation. As described here, we need
more information concerning the catalyst stability in the reaction
mixture, electronic and steric effects toward both the activity and
the comonomer incorporation for their further ﬁne tuning. Since
we now realize that the complexes of type should be effective for
synthesis of new polyoleﬁns by incorporation of monomers that
are not successful in ordinary catalysts, these studies should be
thus explored in the near future.
Several promising ﬁndings that should be very important from
both academic and industrial viewpoints have been demonstrated.
These efforts will pave new promising possibilities for evolution
of new ﬁne polyoleﬁns with unique properties by incorpora-
tion of new comonomers and/or by adopting new synthetic
strategies.
This journal is © The Royal Society of Chemistry 2011 Dalton Trans., 2011, 40, 7666–7682 | 7679
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